Abstract An HIV candidate vaccine for the Chinese population was designed by constructing a recombinant fowlpox virus expressing HIV-1 gag and HIV gp145 proteins via homologous recombination and plaque screening using enhanced green fluorescent protein (EGFP) as the reporter gene. EGFP in the recombinant was then knocked out with the Cre/Loxp system yielding rFPV Hg-Hp , which was identified at the genomic, transcriptional and translational levels. The immunogenicity of rFPV Hg-Hp was analyzed by measuring levels of HIV-specific antibodies and IFN-c-secreting splenocytes by enzyme-linked immunosorbent assay and IFN enzyme-linked immune spot test in the BALB/c mouse model. Results showed that rFPV could not stimulate HIV-1 specific antibodies or IFNc-secreting cells by a single immunization. Meanwhile, in the prime-boost strategy, HIV-p24 antibodies (P \ 0.01) and IFN-c-secreting cells (P \ 0.05) were induced strongly by the candidate vaccine after the boost immunization. Thus, both humoral and cellular immunity could be elicited by the candidate vaccine in a prime-boost immunization strategy. This study provides a foundation for future preclinical studies on the HIV rFPV Hg-Hp candidate vaccine.
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Introduction
Avipoxvirus replicates strictly in the cytoplasm of infected cells and can express heterologous proteins. Although its infectious virus particles cannot be reproduced in mammals under general conditions, recombinant avipoxvirus is constructed relatively easily, and recombinant fowlpox virus (rFPV) vector-based vaccines have been applied in poultry, non-human mammals and humans [1] [2] [3] . FPV as a genetically engineered live-vector vaccine has been used for development in poultry and to protect against disease in mammals including humans.
The HIV-1 gag core protein is one of the most highly conserved viral antigens and as been targeted for the development of vaccine for diverse HIV-1 subtypes [4] [5] [6] . In natural infection, HIV-1-specific CD8 ? T cells have been shown to play an important role in controlling HIV-1 viremia over time [7] [8] [9] . Thus, HIV-1 gag is widely preferred as an antigen in HIV vaccine development [9] [10] [11] . The target of HIV-1 broadly neutralizing monoclonal antibodies is the envelope (Env) glycoprotein, which is a major viral neutralization antigen that has been shown to protect against HIV-1 effectively in animal models. However, the expression level of wild-type HIV-1 Env gene was low, and the cytotoxicity of primary Env glycoprotein gp160 was high [12] . Therefore, gp145 was constructed by truncating gp160 with structural modifications and codon optimization in order to retain conserved epitopes yet reduce the toxicity of the membrane protein [13] .
The Chinese FPV vaccine strain FPV282E4 and FPV shuttle vector pT3eGFP150 were constructed previously in our laboratory as a recombinant system [14] . Here, the recombinant rFPV Hg-Hp-EGFP expressing HIV-1 gag, HIV gp145 and EGFP as the reporter was constructed and selected by fluorescent plaque screening. The EGFP gene of rFPV Hg-Hp-EGFP was then knocked out by using the Cre/ Loxp system. The resulting rFPV Hg-Hp was verified and identified at the genomic, transcriptional and translational levels. The immunogenicity of rFPV Hg-Hp also was investigated through measuring the levels of HIV-1-specific antibodies and IFN-c-secreting cells in a BALB/c mouse model.
Materials and Methods

Plasmids, Virus and Cells
The rFPV shuttle vector plasmid pT3eGFP150, pVR-HIV1gag containing the full-length gag gene and pVR-HIV gp145 were kindly provided by Xia Feng at the Chinese Center for Disease Control and Prevention.
The plasmid pVAX-Cre was constructed previously in our laboratory, the 282E4 strain of FPV (FPV282E4), an attenuated vaccine, were produced by the Animal Pharmaceutical Factory of Nanjing (Nanjing, China). Human embryonic kidney (HEK293) cells were cultured in DMEM with 10% fetal bovine serum and 1% penicillin (100 U/ mL)/streptomycin (100 lg/mL) solution. Eight-day-old specific-pathogen free (SPF) chickens which were used to prepare the chick embryo fibroblast (CEF) cells were purchased from (Meiliyaweitong Experimental Animal Technology Co. Ltd, Beijing, China).
Construction of Plasmids Expressing HIV-1 gag and gp145 Genes
The shuttle vector pT3eGFP150 (4816 bp), containing the left (TKL) and right (TKR) halves of the TK gene, a double-gene expression cassette and EGFP gene, was used as a skeleton. The 1.5 kb HIV-1 gag gene was cloned into the multiple cloning site (MCS) 1 of pT3eGFP150 by standard molecular cloning techniques, forming pT3eGFP150-HIV gag. Thereafter, the 2.1 kb HIV-1 gp145 gene was inserted into MCS2 of pT3eGFP150-HIV gag in the same way, forming pT3eGFP150-HIV gag-HIV gp145 (pT3eGFP-Hg-Hp).
Homologous Recombination, Screening and Acquisition of Recombinant Virus CEF cells were infected with FPV282E4 at the multiplicity of infection (MOI) of 1 at 37°C with 5% CO 2 for 2 h. The cells were then transfected with 1 lg plasmid pT3eGFP150-Hg-Hp using a QIAGEN reagent (Germany) following the manufacturer's instructions. Transfected cells were cultured at 37°C with 5% CO 2 for 72 h, and green fluorescent plaques were picked out under a fluorescence microscope. The virus was released from cells by ultrasonication and used for further infection to select for the rFPV, which was named rFPV Hg-Hp-EGFP after selection by plaque screening. The plasmid pVAX-Cre and rFPV HgHp-EGFP were co-transfected into CEF cells at 80% confluency with QIAGEN reagent. The plaques without green fluorescence were picked out under a fluorescence microscope, amplified and then identified.
Identification of rFPV
The genomic DNA (gDNA) and total cellular RNA of rFPV Hg-Hp-EGFP , obtained through 12 rounds of plaque screening, were extracted using the SDS-Protease K-Phenol method and the Trizol method (Life Technologies), respectively, and used as PCR templates for the amplification of HIV-1 gag, HIV gp145, FPV-P4b and FPV-TK. The gDNA and RNA of rFPV Hg-Hp were obtained in the same way and used as PCR templates for the amplification of HIV-1 gag, HIV gp145, EGFP and FPV-TK. The primers are shown in Table 1 . As the TK gene is a common insertion site of VAVC and used as a recombinant site for FPV and other avipoxviruses [15, 16] , it is typically used as a selection marker for acquisition of rFPV. The P4b gene encoding the virion nucleoprotein (75 kDa), which is widely found in FPV, was used for identification of FPV [17] .
Western Blot
A CEF cell layer was infected with the recombinant virus rFPV Hg-Hp-EGFP at the MOI of 1 and cultured at 37°C for 72 h. Total cellular lysates were prepared with RIPA lysis buffer (Bryotime, Shanghai, China), electrophoresed through a 10% SDS-polyacrylamide gel and then transferred onto nitrocellulose membranes (Bio-Rad, California, US) for examination of protein expression by Western blotting. A mouse anti-HIV-1 p24 antibody, mouse anti-2G12 antibody, mouse anti-EGFP antibody and mouse anti-b-actin antibody were used as primary antibodies to identify HIV-1 gag, HIV gp145 and EGFP and b-actin proteins, respectively. HRP-conjugated goat anti-mouse lgG was used as the secondary antibody. Proteins were visualized with NBT and BCIP solutions. rFPV Hg-Hp was identified in the same way. FPV-infected cells were used as negative controls, and b-actin served as the internal positive control.
HEK293 cells were infected with rFPV Hg-Hp at the MOI of 5, and then expression levels of HIV-1 gag protein and HIV gp145 protein in a rFPV Hg-Hp -infected HEK293 cell layer were analyzed by Western blot. rFPV Hg-Hp was passaged 20 times, and gDNA, RNA and total protein samples of the 1st, 5th, 10th, 15th and 20th passage in CEF cells were extracted. The genetic stability of HIV-1 gag and HIV gp145 genes was detected by PCR, RT-PCR and Western blot.
Growth Assays and Genetic Stability Analysis
Single Immunization of Mice
Six-week-old BALB/c female mice (Experimental Animal Center, Academy of Military Medical Sciences of PLA, Beijing, China) were housed in an animal facility. Mice were divided into four experimental groups (n = 18). Group 1 was vaccinated with 1 9 10 7 plaque forming units (PFU) of rFPV Hg-Hp in 100 lL of PBS. Group 2 was vaccinated with 1 9 10 6 PFU of rFPV Hg-Hp in 100 lL of PBS. Group 3 was vaccinated with 1 9 10 7 PFU of FPV282E4 in 100 lL of PBS, and Group 4 was injected with 100 lL of PBS. Blood samples were harvested on day 1, 7, 14, 21, 28 and 35, and serum samples were isolated and stored at -80°C for detecting HIV-1-and vector-specific antibodies by ELISA. Splenocytes were freshly collected at day 7 and 28 after the single immunization for the ELISPOT assay.
Mouse Prime-Boost Immunization
Mice were divided into four experimental groups (n = 24). The immunization dosage and route were the same as that for the single immunization experiment. The mice which were given a boost immunization were inoculated at day 21 after the prime vaccination. Blood samples were harvested at day 1, 7, 14, 21, 28, 35, 42 and 49, and then sera were obtained and stored at -70°C for further testing. Splenocytes were freshly collected at day 7 and 28 after prime-boost immunization for the ELISPOT assay.
HIV-1-and Vector-Specific Antibody Detection by ELISA Levels of HIV-1-and vector-specific antibodies were measured by ELISA. HIV-1 p24 and gp120 protein (Immune Technology, Maryland, US) were employed as antigens, and sera from immunized mice as the primary antibody were 20-fold diluted in PBS. Peroxidase-conjugated goat anti-mouse IgG antibody, peroxidase-conjugated affinipure goat anti-mouse IgG1 or IgG2a antibody (diluted 1:1000 in PBS) as the secondary antibody was added to the appropriate wells and incubated at 37°C for 2 h. The optical density (OD) was detected at 492 nm. A standard curve was constructed in the same conditions. FPV282E4 was coated with 1 9 10 6 PFU on 96-well microplates, and then vector-specific antibodies were detected in the same way.
ELISPOT Analysis
Peptide p24 (AMQMLKETI), peptide gp160 1 (VQCTHGIRPVVSTQL), peptide gp160 2 
Statistical Analysis
Statistical analysis and comparisons between immunization groups were performed using Graphpad Prism software 5.0 (San Diego, CA, USA). Differences with a P value\0.05 or \0.01 were considered to be statistically significant. Data are presented as the mean ± standard deviation (SD).
Results
Construction and Identification of rFPV
The rFPV shuttle vector pT3eGFP150-Hg-Hp was constructed as shown in Fig. 1a . The gag (1.5 kb) and gp145 (2.1 kb) genes could be digested by restriction enzymes to show that the plasmid pT3eGFP150-Hg-Hp had been constructed successfully (Fig. 1b) .
The plasmid pT3eGFP150-Hg-Hp and 282E4 strain of FPV were co-transfected into 80% confluent CEF cells to select the rFPV Hg-Hp-EGFP with EGFP as the reporter gene. rFPV Hg-Hp-EGFP expressing the target gene was obtained by 12 rounds of plaque screening. The reporter gene was then knocked out by using the Cre/Loxp system, and the rFPV Hg-Hp without EGFP was also obtained by 12 rounds of plaque screening. The screening processes for rFPV are shown in Fig. 1c .
The gDNA and RNA of rFPV Hg-Hp-EGFP were identified by PCR and RT-PCR as shown in Fig. 1d . The HIV-1 gag (1533 bp), HIV gp145 (2106 bp) and P4b (578 bp) fragments could be amplified from the gDNA and cDNA of rFPV Hg-Hp-EGFP . The exogenous genes were transcribed and integrated in rFPV Hg-Hp-EGFP , which was ultimately obtained when FPV-TK (1006 bp) could not be amplified by PCR. The expressed proteins were detected by Western blot as shown in Fig. 1f . The target proteins HIV-1 gag (55 kDa) and HIV gp145 (145 kDa) could be detected in rFPV Hg-Hp-EGFP -infected CEF cells, indicating that the antigenic target proteins were expressed successfully.
The gDNA and RNA of rFPV Hg-Hp were identified by PCR and RT-PCR as shown as Fig. 1e . The HIV-1 gag (1533 bp), HIV gp145 (2106 bp) and TK (1006 bp) fragments could be amplified from gDNA and cDNA of rFPV Hg-Hp . The failure to amplify the EGFP (106 bp) gene by PCR showed that it was knocked out successfully, and the expression of target genes was not affected at the genomic and transcriptional levels by this procedure. The expressed proteins were detected by Western blot as shown in Fig. 1h . The target proteins HIV-1 gag (55 kDa) and HIV gp145 (145 kDa) could be detected in rFPV Hg-Hp -infected CEF cells. At the same time, the failure to detect the EGFP protein confirmed that the EGFP gene was knocked out successfully, and it had no effect on the expression of HIV-1 gag and HIV gp145 proteins at the translational level.
To evaluate whether rFPV Hg-Hp could be expressed in mammalian cells, HEK293 cells were infected with rFPV Hg-Hp at the MOI of 5 and stored at 37°C with 5% CO 2 for 72 h. Examination by Western blot indicated that HIV-1 gag and HIV gp145 proteins were expressed in rFPV Hg-Hp -infected HEK293 cells (Fig. 1g) .
Growth and Genetic Stability Analysis of rFPV
Foreign exogenous genes were inserted into the FPV genome with the FPV shuttle vector pT3eGFP150-Hg-Hp by homologous recombination, causing the TK gene to be blocked. Therefore, confirmation by transmission electron microscopy was necessary to determine whether the structure and morphogenesis of recombinant viruses were changed. Negatively stained virus particles of purified FPV282E4 and rFPV Hg-Hp all possessed the characteristic morphology of mature poxviruses (Fig. 2a) .
rFPV Hg-Hp was continuously passaged 20 times, and the gDNA, RNA and total protein of the 1st, 5th, 10th, 15th and 20th passage in CEF cells were extracted. By PCR, RT-PCR and Western blot analysis, the HIV-1 gag and HIV gp145 genes showed good genetic stability in rFPV HgHp over at least 20 passages (Fig. 2b, c) .
Evaluation of HIV-1-and Vector-Specific Antibodies
HIV-1 p24, HIV-1 gp120 and FPV282E4 which were inactivated at 65°C 15 min were employed as antigens and coated on 96-well microplates to measure levels of IgG antibodies in mouse sera by ELISA. The levels of HIV-1 p24-specific antibodies of rFPV Hg-Hp -immunized mice were not significantly elevated via a single immunization until the 35th day (Fig. 3b) . While HIV-1-specific antibodies could not be stimulated through the single immunization, significantly elevated levels were observed in the rFPV Hg-Hp (1 9 10 6 PFU) group and other groups, which reached a peak of 8.5-fold greater than that of the PBS group on the 28 th day after using prime-boost immunization (P \ 0.01, Fig. 4b ). Levels of p24-specific IgG, IgG1 and IgG2a antibodies of the rFPV Hg-Hp (1 9 10 6 PFU) group were significantly higher than those of the other groups (P \ 0.05, Fig. 4c, d ). The IgG1 subtype was dominant in the immune response induced by the HIV-1 gag protein. The level of IgG antibodies specific for HIV-1 gp120 was not significantly different in the experimental groups and control groups, whether with a single immunization or prime-boost immunization (Figs. 3c, 4e) . The level of vector-specific IgG antibody was raised on the 7th day after the single immunization, but it was not significantly elevated from the 14th to 35th day (Fig. 3d) . Meanwhile, the level of vector-specific antibody which lasted until the 28th after boost immunization was unchanged in the prime-boost strategy (Fig. 4f) .
Measurements of HIV-1-Specific IFN-c-Secreting Splenocytes
Levels of IFN-c-secreting cells of rFPV Hg-Hp -immunized mice were not significantly elevated at day 7 and 28 after a single immunization (Fig. 3e-h ). While IFN-c secretion could not be stimulated through a single immunization, significant differences in the rFPV Hg-Hp (1 9 10 6 PFU) group and other groups were observed at day 28 with the prime-boost immunization strategy (P \ 0.05, Fig. 4g, j) . The results showed that HIV-1-specific IFN-c-secreting cells were effectively generated by stimulation with peptide p24 (AMQMLKETI), peptide gp160 1 (VQCTHGIRPVVSTQL) and peptide gp160 2 (DTEVHNVWATHACVP). Thus, specific cell-mediated HIV-1 immune responses could be induced by rFPV Hg-Hp (10 6 PFU) through the prime-boost immunization strategy in BALB/c mouse.
Discussion
The rFPV plasmid pT3eGFP150-Hg-Hp contains the EGFP gene, which could be specifically expressed in rFPV upon recombination. Such a reporter gene allowed for an intuitive screening process, and the optimum transfection conditions could be found simply through observing the frequency and intensity of green fluorescent cells. The screening cycle could then be shortened by adjusting the virus inoculation dose, infection time and plasmid transfection dose. The low recombinant rate led to a significantly lower rFPV yield compared to FPV. Therefore, in order to enhance the positive rate of rFPV, the virus inoculation dose was controlled until green fluorescence plaques were observed clearly. These plaques were then selected, and the virus inoculation dose was controlled to reduce the positive rate of FPV. The rFPV Hg-Hp-EGFP could be identified when non-green fluorescent plaques were not observed, and rFPV Hg-Hp could be detected until green fluorescence plaques were not observed using the same screening method.
The gag gene of HIV-1 subtype B was cloned from infected donors in Henan, China with the full-length sequence of 1503 bp. The HIV-1 gag protein size which was detected by an anti-p24 antibody was approximately 55 kDa. The HIV gp145 gene belonging to the HIV-1 B/C subtype in China is the membrane protein of the HIV-1 CN54 strain.
The main purpose of this study was to evaluate the immunogenicity of rFPV Hg-Hp . Therefore, measurements of HIV-1-specific antibodies and IFN-c-secreting splenocytes were chosen to evaluate immune responses to the vaccine. As rFPV Hg-Hp is a live-virus vaccine vector which itself can stimulate a strong immune response in the mouse model, we did not choose any other indexes to evaluate the immunogenicity of rFPV Hg-Hp . Other immune indices could have been used to study the immunogenicity of rFPV Hg-Hp , but they may be influenced by the vector nonspecifically and would not be good measures of the effects of the target proteins.
The results showed that HIV-1-specific antibodies and IFN-c-secreting cells of rFPV Hg-Hp -immunized mice could not be induced via a single immunization, while they were effectively elicited by rFPV Hg-Hp in a prime-boost immunization strategy. The IgG1 antibody level was slightly higher than that of the IgG2a antibody, suggesting that the IgG1 subtype was dominant in the HIV-1 gag protein-elicited immune responses. Although the optimized HIV gp145 protein based on Env retained most of the epitopes, it was lowly expressed and could not sufficiently induce the generation of specific antibodies to be detected by ELISA. Alternatively, the HIV-1 gp145 protein-specific antibodies induced may not have been able to bind to the HIV-1 gp120 antigen. These reasons may explain why HIV-1 gp120 as the coating antigen could not be used to completely evaluate the level of HIV-1 specific antibodies induced by the HIV gp145 protein. While high levels of HIV-1 specific antibodies were elicited by rFPV Hg-Hp , it also strongly induced a vectorspecific humoral immune response at the same time. The results indicated that the FPV vector-based vaccine could be used for a repeat vaccination at least once. However, its use in combination with antiretroviral drugs or other vaccines would be best for treating and preventing HIV.
Although high levels of HIV-1-specific antibodies and IFN-c-secreting cells were shown to be effectively induced by rFPV Hg-Hp in this study, the immunogenicity and safety of rFPV Hg-Hp will need to be further studied in order to determine whether the antibodies that it induces can effectively prevent HIV-1 infection. Other experiments to enhance immunogenicity and evaluate its safety will need to be designed. Nevertheless, this work demonstrates the good immunogenicity of rFPV Hg-Hp and provides a foundation for subsequent empirical studies on this candidate vaccine against HIV-1.
